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 Abstract  Unlike imperative models, the specifi cation of business process (BP) 
properties in a declarative way allows the user to specify  what has to be done instead 
of having to specify  how it has to be done, thereby facilitating the human work 
involved, avoiding failures, and obtaining a better optimization. Frequently, there 
are several enactment plans related to a specifi c declarative model, each one 
presenting specifi c values for different objective functions, e.g., overall completion 
time. As a major contribution of this work, we propose a method for the automatic 
generation of optimized BP enactment plans from declarative specifi cations. The 
proposed method is based on a constraint-based approach for planning and schedul-
ing the BP activities. These optimized plans can then be used for different purposes 
like simulation, time prediction, recommendations, and generation of optimized BP 
models. Moreover, a tool-supported method, called OptBPPlanner, has been imple-
mented to demonstrate the feasibility of our approach. Furthermore, the proposed 
method is validated through a range of test models of varying complexity. 
1  Introduction 
 Nowadays, there exists an increasing interest in aligning information systems in a 
process-oriented way as well as in the effective management of business processes 
(BPs, i.e., sets of activities which are performed in coordination in an organization 
to achieve a business goal) [ 1 ]. BP management (BPM) supports BPs using 
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methods, techniques, and software to design, enact, control, and analyze operational 
processes involving humans, organizations, applications, and other sources of 
information [ 2 ]. Typically, the traditional BPM life cycle [ 1 ] includes several 
phases, i.e., process design and analysis, system confi guration, process enactment, 
and evaluation [ 1 ]. 
 The quality of a BP design is essential for BP improvement, which has been 
ranked as the number one priority for top management by the 2010 Gartner survey 
[ 3 ]. When using an imperative approach, however, there are lots of manual work 
involved since the modelling expert has to describe exactly  how it should be done. 
The usage of declarative processes, in turn, allows the user to specify  what has to be 
done instead of  how , thereby facilitating the human work involved and avoiding 
failures. There are frequently different ways to execute a declarative model in such 
a way that all constraints are fulfi lled. The different execution alternatives, however, 
can vary signifi cantly in how well different performance objective functions such as 
the overall completion time can be optimized. Thus, from the declarative process 
specifi cation, optimized BP enactment plans can be automatically generated, which 
can greatly improve the overall BPM life cycle [ 1 ]. Specifi cally, these plans can be 
used, among others, for (1) simulation [ 4 ]; (2) time prediction [ 5 ], both improving 
the BP design and analysis phase; (3) recommendations [ 6 ], assisting users during 
process enactment; and (4) the generation of optimized BP models [ 7 ,  8 ], facilitating 
the human work which is involved in the BP design and analysis phase (cf. Sect.  5.1 ), 
which are innovative and interesting topics to be addressed nowadays. The main 
novelties of our approach regarding existing BP proposals are that our proposal (1) 
considers optimization and (2) deals with resource allocation. 
 In this work, we propose a tool-supported method, named OptBPPlanner, 1 for 
the automatic generation of optimized BP enactment plans from declarative process 
specifi cations to optimize the overall completion time. In this way, our proposal 
facilitates the work of the modelling expert since she only needs to specify the  what 
and let our approach to decide the  how . For this, activities to be executed need to be 
selected and ordered (planning problem [ 9 ]) considering both control fl ow and 
resource constraints (scheduling problem [ 10 ]) imposed by the declarative specifi -
cation. For planning and scheduling (P&S) the activities such that the process objec-
tive function is optimized, a constraint-based approach is proposed. Moreover, the 
proposed approach has been validated through an empirical evaluation considering 
different test models of varying complexity (cf. Sect.  4 ). 
 This paper is organized as follows: Sect.  2 introduces background; Sect.  3 
includes an overview of the proposed method including the associated tool support; 
Sect.  4 shows some experimental results; Sect.  5 presents a critical discussion of the 
advantages, drawbacks, and some applications of our proposal; Sect.  6 summarizes 
related work; and fi nally, Sect.  7 includes some conclusions and future work. 
1
  A web-based application for the generation of optimized BP enactment plans from ConDec-R 
specifi cations can be accessed at  http://regula.lsi.us.es/OptBPPlanner . 
2  Background 
 We use the declarative language ConDec [ 11 ] as basis to specify constraint-based 
BP models (cf. Def. 1), since it allows the specifi cation of BP activities together 
with the constraints which must be satisfi ed for correct BP enactment and for the 
goal to be achieved. 
 Constraints can be added to a ConDec model to restrict the desired behavior 
(cf. [ 11 ]). ConDec templates, i.e., parameterized graphical representation of con-
straints, are grouped into:
 1.  Existence templates: unary relations concerning the number of times one activity
is executed, e.g.,  exactly ( N ,A) specifi es that A must be executed exactly  N times. 
 2.  Relation templates: positive binary relations used to establish what should be
executed, e.g.,  precedence (A,B) specifi es that before any execution of activity B
at least one execution of activity A must have been done.
 3.  Negation templates: negative relations used to forbid the execution of activities
in specifi c situations, e.g.,  notCoexistence (A,B) specifi es that if B is executed,
then A cannot be executed, and vice versa.
 Defi nition 1 
 A constraint-based process model  S = (A,  C BP ) consists of a set of activities A and a 
set of constraints  C BP limiting execution behaviors. For each activity  a ϵ A, resource 
constraints can be specifi ed by associating a role with that activity. The activities of 
a constraint-based process model can be executed arbitrarily often if not restricted 
by any constraints. 
 On the other hand, the area of scheduling [ 10 ] includes problems in which it is 
necessary to determine an enactment plan for a set of activities related by temporal 
constraints. Moreover, the execution of all activities requires the use of limited 
capacity resources. In general, the goal consists of fi nding a feasible plan which 
satisfi es both temporal and resource constraints, optimizing certain objective func-
tions (e.g., minimization of the overall completion time). In a wider perspective, in 
planning [ 9 ], the activities to be executed are not established a priori, hence it is 
necessary to select them from a set of alternatives and to establish an ordering. 
 In a related way, constraint programming (CP, i.e., a software technology for 
modelling and solving problems by using constraints to relate variables) supplies a 
suitable framework for dealing with P&S problems [ 12 ]. To solve a problem through 
CP, it needs to be modelled as a constraint satisfaction problem (CSP, cf. Def. 2). 
 Defi nition 2 
 A  CSP  P = ( V ,  D ,  C CSP ) is composed of a set of variables  V , a domain of values  D for 
each variable in  V , and a set of constraints  C CSP between variables, so that each con-
straint represents a relation between a subset of variables and specifi es the allowed 
combinations of values for these variables. 
 A  solution to a CSP consists of assigning values to CSP variables, being feasible 
when the assignments satisfy all the constraints. In CP, global constraints can be 
defi ned to improve the modelling of the problems. Similar to CSPs, constraint opti-
mization problems (COPs, cf. Def. 3) require solutions that optimize certain objec-
tive functions. 
 Defi nition 3 
 A  COP Po = ( V ,  D ,  C CSP , OF) is a CSP which also includes an objective function, 
OF, to be optimized. 
 Several mechanisms are available for solving CSPs and COPs, e.g., complete 
search algorithm, i.e., performing a complete exploration which is based on all pos-
sible combinations of assignments of values to the CSP variables. Regardless of the 
used search method, the global constraints can be implemented through fi ltering 
rules (i.e., rules responsible for removing values which do not belong to any solu-
tion) to effi ciently handle the constraints in the search for solutions. 
3  Method for Generating Optimized Enactment Plans 
 In our approach, two steps can be differentiated: (1) creating a declarative process 
specifi cation (cf. Fig.  1a ) and (2) generating optimized BP enactment plans (cf. 
Fig.  1b, c ).
 Creating declarative process specifi cations . In a fi rst step, a declarative specifi -
cation covering the control fl ow, the resource perspective, and the estimates of the 
BP to be supported is created. As stated, we use the constraint-based language 
ConDec (cf. Sect.  2 ) as basis. To plan and schedule the process activities, our pro-
posal extends the ConDec specifi cation by considering (1) estimations for the dura-
tion and the role of the required resource of the BP activities and (2) resource 
availabilities, resulting in a ConDec-R process model (cf. Def. 4). These estimates 
can be obtained by interviewing business experts or by analyzing past process 
executions. 
 Defi nition 4 
 A  ConDec-R process model CR = (Acts,  C BP , Res) related to a constraint-based 
process model  S = (A,  C BP ) (cf. Def. 1) is composed of a set of extended BP activities 
Acts, which contains tuples ( a , role, dur) which includes for each BP activity  a ϵ A 
the role of the required resource (i.e., role) and the estimated duration (i.e., dur); a 
set of ConDec constraints  C BP ; and a set of available resources Res which is 
composed of tuples (role, #role) which includes for each role (i.e., role) the number 
#role of available resources. 
 To develop the OptBPPlanner tool, we have extended Declare [ 13 ], which is a 
workflow management system that can be used to specify ConDec models. 
M
od
el
 a
nd
 E
st
im
at
es
C
on
st
ra
in
t-
ba
se
d 
ap
pr
oa
ch
C
SP
 V
ar
ia
bl
es
//n
um
be
r 
of
 s
ch
ed
. 
ac
ti
vi
ti
es
A
:{
nt
:0
..2
},
B
:{
nt
:0
..2
},
C
:{
nt
:0
..2
},
D
:{
nt
:0
..2
}
//1
st
 a
nd
 2
sd
 s
ch
ed
. 
ac
ti
vi
ti
es
A
1:
{s
t:
0.
.2
6,
 e
t:
0.
.2
6,
 r
es
:1
..2
, 
se
l:0
..1
},
A
2:
{s
t:
0.
.2
6,
 e
t:
0.
.2
6,
 r
es
:1
..2
, 
se
l:0
..1
},
B
1:
{s
t:
0.
.2
6,
 e
t:
0.
.2
6,
 r
es
:1
..2
, 
se
l:0
..1
},
B
2:
{s
t:
0.
.2
6,
 e
t:
0.
.2
6,
 r
es
:1
..2
, 
se
l:0
..1
},
C
1:
{s
t:
0.
.2
6,
 e
t:
0.
.2
6,
 r
es
:1
..2
, 
se
l:0
..1
},
C
2:
{s
t:
0.
.2
6,
 e
t:
0.
.2
6,
 r
es
:1
..2
, 
se
l:0
..1
},
D
1:
{s
t:
0.
.2
6,
 e
t:
0.
.2
6,
 r
es
:1
..2
, 
se
l:0
..1
},
D
2:
{s
t:
0.
.2
6,
 e
t:
0.
.2
6,
 r
es
:1
..2
, 
se
l:0
..1
},
O
C
T
:{
0.
.2
6}
C
SP
 C
on
st
ra
in
ts
//E
xe
cu
ti
on
s 
pr
ec
ed
en
ce
s
et
(A
1)
=
st
(A
2)
, 
et
(B
1)
=
st
(B
2)
,
et
(C
1)
=
st
(C
2)
, 
et
(D
1)
=
st
(D
2)
//
R
el
at
io
n 
be
tw
ee
n 
nt
 a
nd
 s
el
se
l(
A
1)
==
nt
(A
)=
1,
 s
el
(A
2)
=
=
nt
(A
)=
2,
se
l(
B
1)
==
nt
(B
)=
1,
 s
el
(B
2)
=
=
nt
(B
)=
2,
se
l(
C
1)
==
nt
(C
)=
1,
 s
el
(C
2)
=
=
nt
(C
)=
2,
se
l(
D
1)
==
nt
(D
)=
1,
 s
el
(D
2)
=
=
nt
(a
ct
5)
=
2
//C
on
D
ec
-R
 c
on
st
ra
in
ts
ex
ac
tl
y(
A
),
 e
xa
ct
ly
(C
),
su
cc
es
si
on
(A
, 
B
),
 r
es
po
ns
e(
A
, 
C
),
n-
re
sp
on
se
(B
,C
),
 p
re
ce
de
nc
e(
C
, 
D
)
C
SP
 S
ol
ut
io
n
C
on
D
ec
-R
 m
od
el
G
an
tt
 C
ha
rt
E
na
ct
m
en
t 
P
la
n
//n
um
be
r 
of
 s
ch
ed
. 
ac
ti
vi
ti
es
A
:{
nt
:1
},
B
:{
nt
:1
},
 C
:{
nt
:2
},
D
:{
nt
:1
}
//1
st
 a
nd
 2
sd
 s
ch
ed
. 
ac
ti
vi
ti
es
A
1:
{s
t:
0,
 e
t:
6,
 r
es
:1
, 
se
l:1
},
 A
2:
{s
el
:0
},
B
1:
{s
t:
7,
 e
t:
9,
 r
es
:1
, 
se
l:1
},
 B
2:
{s
el
:0
},
C
1:
{s
t:
3,
 e
t:
5,
 r
es
:2
, 
se
l:1
},
C
2:
{s
t:
6,
 e
t:
8,
 r
es
:2
, 
se
l:1
},
D
1:
{s
t:
0,
 e
t:
3,
 r
es
:1
, 
se
l:1
},
 D
2:
{s
el
:0
}
O
C
T
:{
9}
R
1:
2
R
2:
2
R
es
ou
rc
e 
A
va
ila
bi
lit
y
a
b
c
    Fi
g.
 
1  
  O
ve
rv
ie
w
 o
f o
u
r 
ap
pr
oa
ch
       
The proposed extension allows the specifi cation of ConDec-R models by including 
(1) duration and required resource for each BP activity and (2) number of available
resources. Figure  1a shows a simple ConDec-R model (created using the aforemen-
tioned extension) (cf. Def. 4) where: Acts = {(A,R1,6), (B,R1,2), (C,R2,3),
(D,R1,2)};  C BP = { exactly (1,A),  exactly (2,B),  succession (A,B),  response (A,B), 
 negate-response (B,C),  precedence (C,D)}; and  Res = {(R1,2), (R2,2)}. 
 Generating of optimized BP enactment plans . In our proposal, optimized BP 
enactment plans are generated by applying a constraint-based approach for P&S the 
BP activities, taking the ConDec-R specifi cation into account. In the proposed 
constraint- based approach, BP activities are modelled as repeated activities (cf. Def. 
5), which are sequences of optional scheduling activities (cf. Def. 6). This is required 
since each execution of a BP activity is considered as one single activity which 
needs to be allocated to a specifi c resource and temporarily placed in the enactment 
plan, i.e., stating values for its start and end times. 
 Defi nition 5 
 A repeated activity ra = ( r , dur, nt) is a BP activity which can be executed several 
times. It is composed by  r , which represents the role of the required resource, the 
estimated duration dur, and a CSP variable nt which specifi es the number of times 
the BP activity is executed. 
 For each repeated activity, nt MAX 2 scheduling activities exist, which are added to 
the CSP problem specifi cation, apart from including a variable nt. 
 Defi nition 6 
 A scheduling activity sa = (st, et, res, sel) represents a specifi c execution of a repeated 
activity, where st and et are CSP variables indicating the start and the end times of 
the activity execution, respectively, res is a CSP variable representing the resource 
used for the execution, and sel is a CSP variable indicating whether or not the sched-
uling activity is selected to be executed . 
 Moreover, to improve the modelling of the problems and to effi ciently handle the 
constraints in the search for solutions, our constraint-based proposal includes a 
global constraint implemented through a fi ltering rule (cf. Sect.  2 ) for each 
ConDec-R template (cf. Fig.  1b ). For a detailed description of these fi ltering rules, 
see [ 14 ]. In this way, the ConDec-R process model CR = (Acts,  C BP , Res) (cf. Def. 4, 
Fig.  1a ) is translated into a COP Po = ( V ,  D ,  C CSP , OF) (cf. Def. 2, Fig.  1b ) where:
 1.  V = {nt( a )| a ∈ Acts} ∪ {st( a 
 i  ), et( a  i  ), sel( a  i  ), res( a  i  )| i ∈ [1 … nt( a )],  a ∈ Acts} ∪ OC
T. OCT is a CSP variable which represents the overall completion time, 3 i.e., 
OCT = max  
 a ∈ Acts (et( a nt( a ) )) 
2
  nt
 MAX  represents the maximum value of the initial domain of nt (cf. Fig.  1b ). 
3
  The overall completion time is the time needed to complete all process instances which were 
planned for a certain period. 
 2.  D is composed of the domains of each CSP variable. The domain [0…2] is used
for nt since 2 is the maximum cardinality for the BP activities (established by exis-
tence relations in the constraint-based model). The domain [0…26] is used for et
and st since 26 would be the completion time if all the scheduling activities were
serially executed taking the maximum cardinality for the BP activities into account.
 3.  C CSP is composed of the global constraints related to  C BP together with the
constraints which are inherent to the proposed model:
•  ∀  a ∈ Acts, ∀  i : 1 ≤  i ≤ nt( a ) : et( a 
 i  ) ≤ st( a  i + 1 ) (i.e., a specifi c execution of a
repeated activity precedes the next execution of the same activity).
•  ∀  a ∈ Acts, ∀  i : 1 ≤  i ≤ nt( a ) : sel( a 
 i  ) = nt( a  i + 1 ) ≥  i (i.e., the nt variable of the
repeated activity is directly related to the sel variable of this associated sched-
uling activity). 
 4.  OF = OCT. 
 For the current approach, to solve the constraint-based problems, the COMET
system [ 15 ] is used, since it is able to generate high-quality solutions for highly 
constrained problems in an effi cient way. This system provides a scheduling module 
that offers high-level constraint modelling and search abstraction, both specifi c to 
scheduling. The COP related to the ConDec-R specifi cation is considered as a 
scheduling problem (cf. Fig.  1b ) to take advantage of the effi cient COMET mecha-
nisms and high-level modelling. The optimized BP enactment plan is then created 
from the CSP solution (cf. Fig.  1c ) and is composed of (1) the number of times each 
BP activity is executed, (2) the start and the completion times for each activity 
execution, and (3) the resource which is used for each activity execution. The gener-
ated enactment plans can be graphically represented by a Gantt chart [ 16 ] (cf. 
Fig.  1c ) 4 . This chart illustrates the activity schedules and allows users to understand 
the solution at a glance. Moreover, the relations between executions of activities are 
depicted in the Gantt chart due to the ConDec-R constraints of the model (e.g., the 
relation between the fi rst execution of  D and the fi rst execution of the  C is due to the 
constraint  precedence ( C , D )). 
 Since the generation of optimal plans for these types of problems presents NP 
complexity [ 17 ], it is not possible to ensure the optimality of the generated plans for 
all cases. The developed constraint-based approach, however, allows solving the 
considered problems in an effi cient way, as demonstrated in Sect.  4 . 
4  Empirical Evaluation 
 To evaluate the suitability of our proposal, a controlled experiment is conducted. 
 Purpose : The purpose of the empirical evaluation is to analyze our proposal in the 
generation of optimized BP enactment plans from ConDec-R models. 
4
  The generated Gantt chart of Fig.  1c groups activities by roles, e.g., the  Execution1 of D is per-
formed by the  Resource 1 of the  Role R2 . The rest of activities are performed by  Role R1 . 
 Objects : Different ConDec models are generated by considering correctness and 
representativeness. Consequently, we require the test models to be of medium size 
(i.e., including 5–15 BP activities which can be executed {15, 30, 60} times 5 ) and 
comprise all three types of ConDec templates (cf. Sect.  2 , cf. Fig.  2 ): (1) Model 5A 
includes 5 BP activities and few constraints, (2) Model 5B extends the Model 5A by 
including more constraints, (3) Model 10A includes 10 BP activities and few con-
straints, (4) Model 10B extends the Model 10A by including more constraints, (5) 
Model 15A includes 15 BP activities and few constraints, and (6) Model 15B 
extends the Model 15A by including more constraints. Moreover, in the case of 
 existence constraints, a value for label  N is established. In addition, different dura-
tions and required resources for each BP activity are considered, since these aspects 
have a great infl uence in the complexity of the search of optimal solutions. 
Specifi cally, 30 instances for each problem are randomly generated by varying 
activity durations between 1 and 40 and the role required between R1 and R2. In 
addition, two available resources for R1 and R2 are considered.
 Furthermore, different time limits for the search algorithm are considered to 
show the applicability in scenarios with different response time requirements. 6 
 Independent Variables : For the empirical evaluation, (1) M, i.e., the generic ConDec 
model, with the values {M5A, M5B, M10A, M10B, M15A, M15B}; (2) TL, i.e., 
the time limit (seconds) to fi nd an optimal solution, with the values {5, 50, 300}; 
and (3)  N , i.e., the value for the label  N of the  existence constraints in the models, 
with the values {15, 30, 60} are considered. 
5
  These values are considered to analyze the behavior of our proposal when dealing with problems 
of different size, i.e., with different number of repetitions of certain activities. 
6
  The set of problems which are used are available at  http://regula.lsi.us.es/ISD12/EV.zip . 
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 Fig. 2  Generic ConDec models 
 Response Variables : The suitability of our approach is tested regarding (1) the aver-
age value of the objective function which is obtained (i.e., OCT), (2) the average 
percentage of optimal solutions which are found (i.e., %Opt), and (3) the average 
time for getting the optimal solution, considering the cases in which an optimal 
solution is found (i.e., Topt). 
 Experimental Design : 540 instances are generated by considering different values 
for  M (6 values),  N (3 values), and the random generation of durations and required 
resources (30 problem instances). For each instance a complete search (cf. Sect.  2 ) 
is executed to optimize the OCT considering the three different values of TL. The 
response variables are then calculated by considering the average values of the 30 
problem instances. 
 Experimental Execution : The constraint-based search algorithm is run on an Intel(R) 
Xeon(R) CPU E5530, 2.4 GHz, 8 GB memory, running Debian 6.0.3. The system 
COMET [ 15 ] is used to solve the developed constraint-based problems. 
 Experimental Result and Data Analysis : Table  1 shows for each problem (specifi ed 
by  M ,  N , and TL), the average values of the response variables (i.e., OCT, %Opt, and 
Topt) for the 30 problem instances. In addition, the number of scheduling activities 
(cf. Def. 6) which are executed (i.e., Nact) are shown for each pair 〈 M,N 〉.
 As expected, %Opt decreases as the number of BP activities and/or scheduling 
activities increases (i.e., complexity of the problem). As TL increases %Opt increases 
and OCT decreases but not as signifi cantly since the best values of OCT are achieved 
 Table 1  Average values related to the experimental executions 
 Indep. var.  Resp. var. (TL = 5)  Resp. var. (TL = 50)  Resp. var. (TL = 300) 
 M  N  Nact  OCT  %Opt  Topt  OCT  %Opt  Topt  OCT  %Opt  Topt 
 M5A  15  17  334.8  100.0  0.28  334.8  100.0  0.28  334.8  100.0  0.28 
 M5A  30  32  728.1  83.3  1.70  728.1  100.0  2.77  728.1  100.0  2.77 
 M5A  60  62  1,478.7  93.3  0.69  1,478.7  93.3  20.00  1,478.7  93.3  20.00 
 M5B  15  33  600.6  100.0  0.08  600.6  100.0  0.08  600.6  100.0  0.08 
 M5B  30  63  1,477.0  100.0  0.29  1,477  100.0  0.29  1,477.0  100.0  0.29 
 M5B  60  123  2,626.0  100.0  2.30  2,626  100.0  2.30  2,626.0  100.0  2.30 
 M10A  15  34  471.4  40.0  0.41  471.4  43.3  2.38  471.4  50.0  14.71 
 M10A  30  64  894.4  50.0  1.28  894.4  50.0  1.28  894.4  50.0  1.28 
 M10A  60  124  1,698.7  6.7  3.47  1,698.7  36.7  16.53  1,698.7  43.3  35.34 
 M10B  15  66  789.3  33.3  0.15  788.8  33.3  0.15  788.8  36.7  8.48 
 M10B  30  126  1,495.0  40.0  0.70  1,494.2  43.3  2.52  1,494.2  43.3  2.52 
 M10B  60  246  2,896.5  16.7  3.83  2,895.1  16.7  3.83  2,894.2  16.7  3.83 
 M15A  15  52  563.6  13.3  0.28  563.6  13.3  0.28  563.2  13.3  0.28 
 M15A  30  97  1,027.2  16.7  2.08  1,027.2  16.7  2.08  1,027.2  20.0  32.29 
 M15A  60  187  2,016.0  6.7  4.43  2,016.0  23.3  16.51  2,016.0  23.3  16.51 
 M15B  15  99  1,071.4  13.3  0.95  1,070.9  13.3  0.95  1,070.6  20.0  45.55 
 M15B  30  189  1,879.7  40.0  1.70  1,875.8  43.3  4.25  1,875.8  43.3  4.25 
 M15B  60  369  3,972.0  0  –  3,934.5  20.0  11.19  3,923.7  23.3  36.94 
in a short time but it was not possible to ensure their optimality. Moreover, Topt 
increases as the complexity of the problems increases. In general, experimental 
results show that despite NP complexity of the considered problems, the values for 
the percentage of optimal solutions found and for the average time for getting opti-
mums are quite good for small- and medium-sized problems (between 17 and 189 
scheduling activities 7 ). Hence, the approach becomes suitable for run- time applica-
tions (e.g., recommendations) and for scenarios where high quality is required. 
5  Discussion 
 One advantage of our proposal is that the optimized BP enactment plans are gener-
ated by P&S all BP activities, allowing for a global optimization of the objective 
function. Moreover, the generation of the optimized plans is carried out through a 
constraint-based approach, which is suitable for modelling and solving P&S prob-
lems [ 12 ]. In addition, this approach allows modelling the considered problems in 
an easy way, since the considered specifi cations are based on high-level constraints. 
Furthermore, BPs are specifi ed in a declarative way, which facilitates the human 
work involved and avoids failures [ 18 ]. Moreover, our approach, as extension of 
other similar works, considers the resource perspective besides the control-fl ow per-
spective; hence greater optimization can be obtained. 
 On the other hand, the proposed approach presents some drawbacks. First, the 
most important limitations are the assumptions that are made, i.e., the optimized 
plans are generated by considering estimated values for activity durations and 
resource availabilities; hence our proposal is only appropriate for processes for 
which the duration of the activities and resource availabilities can be estimated. 
However, to consider deviations in the estimates, the optimized plans can be 
updated—if necessary—through replanning, allowing to react to changes in a quick 
and fl exible way. Secondly, the business analysts must deal with a not standard 
language for the specifi cation of BPs, therefore a period of training is required. 
Moreover, the considered declarative specifi cations deal with both control-fl ow and 
resource perspectives, but do not consider the data perspective. It is intended to con-
sider this aspect in future works. In our proposal we focus on the minimization of 
overall completion time. However, it can be easily extended to consider further 
objectives, such as cost. 
5.1  Applications of Optimized BP Enactment Plans 
 Simulation : Simulation of BPs can be effectively used for analyzing processes and 
for improving BP models. BP simulation presents a “fast-forward” view on a 
7
  Note that getting the optimum for scheduling problems of 189 activities can entail a great com-
plexity. In fact, there are many scheduling benchmarks of smaller size for which their optimal 
values are not even known. 
current BP, so that the generated simulation models can accurately refl ect the 
real- world process of interest. One interesting application of BP simulation is to 
identify unbalances between the resources required for executing a particular 
process and the available resources [ 19 ]. Moreover, the effects of alternative 
resource schedules can be investigated. Our proposal can be used in  what-if sce-
narios to evaluate the impact of changing something in the declarative BP. For 
example, in Fig.  1a , if we reduce the resource availability of B to 1, the generated 
plan is still valid (i.e., we can do the same considering fewer resources); however, if 
we reduce R1 to 1, A, B, and C cannot be executed in parallel, then the enactment 
plan changes. Thus, the results can be studied to analyze and to enhance the current 
BP model (process design and analysis phase of BPM life cycle [ 1 ]). 
 Time Prediction : There are many scenarios where it is useful to have reliable time 
predictions [ 5 ]. In the current approach, the generated optimized BP enactment 
plans can be used for this purpose since time information is available based on the 
estimated durations of the activities. For a given process instance state, the expected 
completion time for the instance and activities can be calculated by taking the end 
time of the remaining activities of the optimized plan into account. In this way, the 
BP enactment plans of the BP model can be used for predicting the completion time 
of running instances and activities, and hence improving the process design and 
analysis phase of BPM life cycle [ 1 ]. 
 Recommendations : The application of BP enactment plan for generating recom-
mendations is detailed in a previous work [ 6 ]. In the current dynamic business 
world, the economic success of an enterprise increasingly depends on its ability to 
react to changes in its environment in a quick and fl exible way [ 20 ]. Therefore, fl ex-
ible BPM systems are required to allow companies to rapidly adjust their BPs to 
changes in the environment [ 21 ]. In general, increasing fl exibility in BPM systems 
tends to result in decreased user support [ 22 ] requiring more experienced users. 
Typically, given a certain partial trace users can choose from several enabled activi-
ties (i.e., activities whose execution does not violate any constraint or only lead to 
temporary violations [ 23 ]) which activity to execute next. This selection, however, 
can be quite challenging since objective functions of the process should be consid-
ered, and users often do not have an understanding of the overall process. Moreover, 
optimization of objective functions requires that resource capacities are considered. 
Therefore, recommendation support is needed during BP execution, especially for 
inexperienced users. As an application of the generated optimized BP enactment 
plans, recommendations which assists users during process enactment to optimize 
objective functions of the processes can be generated, hence enhancing the process 
enactment phase of BPM life cycle [ 1 ]. 
 The Generation of Optimized BP Models : BP models are usually defi ned manually 
by business analysts through imperative languages. To this end, the analysts must 
deal with several aspects, such as resource allocation, activity properties, the rela-
tions between them, and, in most cases, even the optimization of several objectives. 
Therefore, the manual specifi cation of BP models can form a very complex 
problem, can consume a great quantity of time and human resources, may cause 
some failures, and may lead to non-optimized models. To overcome these problems, 
taking the information of the optimized BP enactment plans and the constraints of 
the declarative BP model into account, BP models can be generated, therefore 
improving process design and analysis phase of BPM life cycle [ 1 ]. 
6  Related Work 
 There exist some proposals which could be used to generate optimized enactment 
plans for BPs from constraint-based specifi cations. Specifi cally [ 24 ] proposes the 
generation of an automaton from constraint-based specifi cations based on linear 
temporal logic (LTL) which represents exactly all traces that satisfy the LTL formu-
las. When extending this approach by including estimates, the overall completion 
time of all the traces could then be calculated (e.g., [ 5 ]). However, the big disadvan-
tage following such an approach would be that it comes to a state explosion since all 
the LTL formulas have to be concatenated to build a big automaton [ 24 ], and, unlike 
the proposed approach, no heuristic has been used. In a similar way, CLIMB [ 25 ] 
could be used to generate quality traces from declarative specifi cations and calcu-
late its completion time. Then, the best traces could be selected. Unlike the proposed 
approach [ 25 ], does neither consider optimality nor resource availabilities. 
Therefore, this would only cover the planning part of the current proposal, but not 
the scheduling aspects addressed by our approach. 
 There are additionally some proposals related to generating imperative BP 
models [ 7 ,  8 ,  26 ], giving recommendations [ 27 ], simulation, [ 28 ] and time predic-
tion [ 5 ]. However, unlike in our proposal, the process optimization and the resource 
allocation are not considered. 
7  Conclusions and Future Work 
 As a major contribution of this work, we propose a method for the automatic gen-
eration of optimized BP enactment plans from declarative specifi cations which 
assists users during different stages of the BPM life cycle, i.e., BP design and 
analysis and enactment stages, to optimize objective functions of the processes (i.e., 
minimization of overall completion time). The proposed method is based on a 
constraint- based approach for planning and scheduling the BP activities and consid-
ers both the control fl ow and the resource perspective. To demonstrate the feasibility 
of our approach, a tool, called OptBPPlanner, has been implemented. As for future 
work, it is intended to extend the proposed approach by considering further objec-
tive functions. Moreover, we will explore various constraint-based solving tech-
niques and analyze their suitability for the generation of optimized plans. 
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